Fire ants are widely studied, invasive and venomous arthropod pests. There is significant biomedical interest in immunotherapy against fire ant stings. However, mainly due to practical reasons, the physiological effects of envenomation has remained poorly characterized. The present study takes advantage of a recently-described venom protein extract to delineate the immunological pathways underlying the allergic reaction to fire ant venom toxins. Mice were injected with controlled doses of venom protein extract. Following sensitization and a second exposure, a marked footpad swelling was observed. Based on eosinophil recruitment and production of Th2 cytokines, we hereby establish that fire ant proteins per se can lead to an allergic response, which casts a new light into the mechanism of action of these toxins.
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Fire ants are widely studied, invasive and venomous arthropod pests. There is significant biomedical interest in immunotherapy against fire ant stings. However, mainly due to practical reasons, the physiological effects of envenomation has remained poorly characterized. The present study takes advantage of a recently-described venom protein extract to delineate the immunological pathways underlying the allergic reaction to fire ant venom toxins. Mice were injected with controlled doses of venom protein extract. Following sensitization and a second exposure, a marked footpad swelling was observed. Based on eosinophil recruitment and production of Th2 cytokines, we hereby establish that fire ant proteins per se can lead to an allergic response, which casts a new light into the mechanism of action of these toxins.
The Red Imported Fire Ant (RIFA) Solenopsis invicta Buren (Insecta: Formicidae) is one of the most dangerous invasive pests on a global scale 1, 2 . These aggressive ants have been inadvertently shipped from South America to many territories around the world over the last century, and are now causing severe problems in regions as far apart as Vietnam, China, Australia, the United States, and the Galapagos archipelago 1, 3 . When disturbed, these ants will viciously defend their nests with a venomous sting which can be particularly dangerous to the children 4 and the elderly 5 . Anaphylactic reactions to fire ant stings are recurrent for a fraction of previously sensitized victims, where systemic hypersensitive reactions can pose life-threatening complications 6, 7 . Since the prevalence of sensitized subjects in invaded areas is reportedly relatively high 8 , there is a growing demand for immunotherapy methods in regions recently invaded by RIFA 9, 10 . Immediate effects of the stings are mainly caused by a major (>95%) fraction of toxic alkaloids, but the later allergic responses 11, 12 are solely ascribed to venom proteins. Nonetheless, in spite of over 40 years of research 13 , the allergic reaction caused by fire ant venom has remained poorly characterized. This is primarily because each ant carries venom proteins that amounts to only 0.1% of total body weight 14, 15 , rendering bioassays unfeasible. Fortunately, a simple method enabling the isolation of venom proteins from fire ants in large quantities has been recently devised 14 , enabling a range of biological tests which were previously impossible, such as injecting animal models with venom protein fractions.
The network of immune cells and expressed factors involved in an allergic response is complex and context-dependent. We provide a simplified general diagram illustrating the proposed allergic reaction induced by injected venom in Fig. 1 . Allergens upon entering the system are endocytosed and processed by phagocytes (e.g. macrophages, dendritic cells) in order to generate peptides. The physico-chemical properties and enzymatic activity of allergens play a central role in the activation and maturation of dendritic cells, which are fundamental steps for proper antigen presentation and immune response triggering. The dendritic cells subsequently migrate to the nearest draining lymph node to present the generated peptides (antigens) coupled to a major histocompatibility complex class II (MHCII) molecule to naive T lymphocytes 16 . Three signals are required during the antigen presentation in order to induce proper T cell activation: the first is provided by the recognition of the complex MHCII/peptide by the T cell receptor (TCR) present in a naive T lymphocyte. The binding between the phagocyte costimulatory molecules (e.g. CD86) and the CD28 receptor present at the T cell surface provides the second signal. The third signal is given by soluble cytokines released from the antigen presenting cell (APC) to act on the T cell. Together, these signals can activate a naive T cell that will differentiate into distinct T helper subsets 17, 18 . In the context of allergy, the participation of type-2 T helper cells (Th2) is central. Once activated, Th2 lymphocytes will undergo clonal expansion leading to lymph node hyperplasia and production of IL-4, the major Th2 cytokine 19, 20 . In the context of venoms, many toxins can directly trigger Th2 responses [21] [22] [23] [24] . This T cell subset produces cytokines that can promote leukocyte recruitment and the synthesis of further Th2-related cytokines 17 . A second exposure to venom antigens triggers a stereotypical allergic response marked by acute vascular permeability and later eosinophil recruitment at the site of the sting. This condition can be life threatening when the allergic reaction is triggered systemically progressing to anaphylactic shock 22 . In this context, the present manuscript utilizes an extract of RIFA venom proteins to describe the general features of the immunological response from injections into male mice. These venom proteins are demonstrated to be independent from alkaloids and adjuvants in triggering an immunological response, which brings a new biological meaning to the role of these toxins.
Results and Discussion
In short, all challenged mice demonstrated clear signs of allergic response, demonstrating the ant venom proteins will immunize even at the lowest tested doses, and in the absence of adjuvants upon first exposure. Details are given as per the pertinent sections below.
Ant venom promotes eosinophil recruitment to peritoneal cavity. To test the premise that venom proteins are the causative factors of allergic reactions to fire ant stings, we sensitized mice via venom proteins into the hind footpad. Fourteen days later, the same mice were challenged by a second injection into the peritoneal cavity. The observed increase in peritoneal cellularity in venom-sensitized mice was mainly due to significant Figure 1 . Hypothesized allergic reaction following a fire ant sting. Upon a first exposure, (left panel) peripheral resident cells recruit blood leukocytes that will differentiate into macrophages and dendritic cells. These phagocytes will endocytose and process the venom's antigens. Dendritic cells exposed to venom components will be activated and mature, thus promoting their ability to trigger the adaptive immune response. In this scheme, a dendritic cell migrates into a lymph node to present fire ant venom-derived peptides via MHCII to a naive T cell in the presence of the costimulatory molecule CD86. Upon activation, T cells become Th2 cells and proliferate under secretion of IL-4, and which will eventually activate an antigen-compatible B lymphocyte. Activated lymphocytes undergo clonal expansion inside the lymph node. A key event at the immunization stage takes place within ca. 7-10 days: activated B cells mature into IgE-secretory plasma cells, and the secreted allergen-specific IgE bind to peripheral mast-cells' FcεRI (this immunization event is marked with an *). Upon a second exposure (right panel), antigens will trigger a specific, amplified reaction: (i) mast cells carrying antigen-specific IgE are activated to secrete inflammatory factors (not tested in the present study); (ii) specific lymphocytes secrete IgE and IL-4 promoting further cell activation; (iii) the amplified reaction increases edema and promote intense recruiting of eosinophils.
SCIEntIFIC REPORTS | (2018) 8:14427 | DOI:10.1038/s41598-018-32327-z eosinophil recruitment. Injection of venom proteins into non-sensitized (naive) mice promotes merely mild, non-significant eosinophil recruitment (Fig. 2) . Interestingly, inoculating ovalbumin (OVA) into mice previously sensitized with combined venom proteins + OVA promotes recruitment of eosinophils comparable to positive controls of combined OVA + aluminum hydroxide (as an adjuvant). This result suggests a potential role of venom proteins as adjuvants in allergic sensitization.
Eotaxin production triggered by ant venom. Peritoneal eotaxin accumulation in mice challenged with venom protein was higher in saline-injected mice (Fig. 3) . The increased eotaxin levels of venom-inoculated mice were comparable to concomitant positive controls (see red bar 'SOACO' on Fig. 3 ). Taken together, Figs. 2 and 3 strongly suggest that venom proteins per se can actively promote sensitization-dependent eosinophil recruitment Fire ant venom induces eotaxin production in the peritoneal cavity. Mice were previously immunized with saline, ovalbumin + Al(OH) 3 (SOACO), or 100 μg ant venom extract (S100C10). After 2 weeks, mice were submitted to an intraperitoneal challenge with saline, ovalbumin, or 10 μg ant venom extract, respectively. Within 24 h after the challenge, mice peritoneal exudates were harvested and eotaxin quantification was performed by ELISA. Vertical axis numbers are calculated concentrations of eotaxin in pg/mL. Bars represent means from pooled replicates deriving from two independent experiments; dots are raw values. Treatment S100C10 was statistically different from Saline control by nonparametric Wilcoxon-Mann-Whitney test at alpha = 0.05.
SCIEntIFIC REPORTS | (2018) 8:14427 | DOI:10.1038/s41598-018-32327-z to the peritoneal cavity after a second exposure through the production of eosinophilotactic signals such as eotaxin.
Dendritic cells activation by ant venom.
To investigate a potential role of RIFA venom proteins as adjuvants in immunization, we evaluated murine bone marrow-derived dendritic cells (BMDC) after exposure to venom proteins or alkaloids from the venom (Fig. 4A-C) . Dendritic cells are responsible for the induction of adaptive immune responses, and seen as 'sentinels' for the immune system 25 . The venom alkaloids proved extremely cytotoxic even at 10 µg/mL (data not shown) indicating these venom components may not be relevant direct immunogenic stimuli for dendritic cells. Meanwhile, the venom proteins elicited an activation response, as shown by the upregulation of MHCII and CD86 (Fig. 4) . This demonstrates that the venom proteins can directly activate dendritic cells to promote antigen presentation, of which the increased expression of MHCII is a first marker signal of immunological activation. Following expression of MHCII, secondary signals (costimulatory signals) are needed to elicit a response from lymphocytes, including CD86. The fact that the highest doses of venom generated a weaker response may indicate the presence of intrinsically dynamic components, such as proteinase-regulated zymogens and enzymatic inhibitors. Toxin activation by dilution could be a simple mechanism to achieve high levels of damage towards injected victims whilst ensuring a natural resistance by the ants. In fact at least one phospholipase inhibitor is described from the venom of RIFA 26 , indicating secreted proteases might be involved in the activation of zymogens.
In vivo hypersensitivity. The literature reports that the hypersensitive reactions following RIFA stings may include swelling of distal body parts which might lead to a life-threatening throat obstruction in humans 6, 7 , initially signaled by wheezing, difficulty in breathing, and a coarse voice. To test for allergen-triggered swelling, mice were sensitized with an intradermal inoculum of venom proteins into their right hind footpad (sensitization), and Naturally, all assayed mice displayed marked swelling in the injected footpad as a result of the inoculum, but the effects become visible as the injected volume is drained. Full drainage of the initial swelling is completed within 2 hours following the injections. After 2 weeks following the first exposure, a second inoculation (i.e. challenge) resulted in persistent footpad swelling of venom-exposed animals comparable to positive controls (OVA + Al 2 (OH) 3 ) (Fig. 5) . To address a possible role of venom proteins as adjuvants, mice were sensitized with an association between OVA and venom protein, or just OVA. When further challenged with OVA, only the mice that received OVA + venom proteins presented footpad swelling (Fig. 6) . These results establish a sensitization-dependent swelling upon later challenge as an immunogenic response to fire ant venom proteins.
Draining lymph node response. We assessed the hyperplasia of the draining lymph node (popliteal) 14 days after sensitization (Fig. 7) . The lymph nodes of positive control mice (OVA + Al(OH) 3 ) became greatly swollen two weeks after the sensitization. Venom-sensitized mice showed marked but less intense lymph node hyperplasia when sensitized with venom proteins. These lymph nodes were dissected out of the euthanized mice to evaluate the number of cells and the production of IL-4, the major Th2 cytokine, in order to test whether venom proteins induced priming of T cells in vivo. As indicated by the size of the respective lymph nodes, venom protein-sensitized mice presented an increase in the total cell number per lymph node when compared to the negative controls. Interestingly, lymph node hyperplasia from mice sensitized with the highest dose of venom proteins (100 μg) was not statistically different from the negative control, although a clear trend is apparent (Fig. 7) . The increased cell number is indicative of lymphocyte proliferation triggered by venom proteins exposure, although this proliferative activity was less intense than in the positive control (OVA + Al(OH) 3 ). However, when stimulated in vitro for cytokine production, cells from the draining lymph nodes of venom-sensitized mice produced significant amounts of IL-4 ( Fig. 8) , comparable to OVA + Al(OH) 3 sensitized positive controls, with an apparent tendency to greater production after 48 h (see whiskers on right hand side of axis on Fig. 8 ).
Venom proteins as adjuvant. At least four different allergens are described from RIFA venom proteins 13 . However, the venom components driving the adaptive immune response have not been empirically identified. Crude fire ant venom is mainly composed of alkaloids, which are cytotoxic and insoluble 13, 26 and cause local tissue damage. Tissue damage is accompanied by a steep inflammatory response, typically followed by later pustule formation. Given the local inflammatory reaction and edema that follows fire ants stings, it is tempting to hypothesize that alkaloids would play a necessary biological role as adjuvants for ensuring the adaptive response (as in Fig. 1 ) to the few accompanying venom antigens, roughly akin to the role of aluminum adjuvants in injected Figure 7 . Fire ant venom induces lymph node response. Mice were previously immunized with either OVA + AlOH 3 (SOA) or with 10 µg (S10) or 100 µg (S100) of of ant venom proteins extract. Two weeks after first exposure, the draining (popliteal) lymph nodes (LN) were isolated and cell totals were determined. The box plot represents upper and lower limits and quartiles from six independent experimental results; the internal line is the median. Different letters indicate statistical significance (p < 0.05) between groups as compared by KruskalWallis followed by Dunn's Multiple Comparisons Test. Figure 8 . Ant venom induces cytokine response in lymph node cells. Mice were previously immunized with saline, ovalbumin + AlOH 3 (SOA) or with 10 µg (S10) or 100 µg (S100) of ant venom proteins. After 2 weeks, popliteal lymph nodes were dissected and macerated for cell extraction, followed by stimulation with α-CD3. The cytokine IL-4 was quantified from lymph nodes supernatants after 24 h (left side) and 48 h (righthand side) of incubation. Bars are mirrored for size comparison representing the means (n = 2 independent experiments) while the whiskers are the interval towards the maximum value; nd = not detectable.
SCIEntIFIC REPORTS | (2018) 8:14427 | DOI:10.1038/s41598-018-32327-z vaccines 27, 28 . However, venom alkaloids herein proved to be highly toxic to dendritic cells, while the proteins were sufficient to promote antigen presentation (increased MHC-II) and co-stimulatory (increased CD86) capacity (Fig. 4) . To test this hypothesis, we injected naive mice with a mixture of venom proteins and ovalbumin in the absence of an aluminum adjuvant. Ovalbumin is innocuous when injected alone, but becomes a potent allergen when administered in combination with an adjuvant like aluminum hydroxide (Fig. 5) , thus widely employed as a control in immunology experiments.
Mice previously sensitized with 100 μg of ovalbumin in the presence of 10 µg of fire ant venom protein extract (SOVCO) produced a significant increase in footpad volume when later challenged with ovalbumin, as compared to challenged mice previously sensitized with ovalbumin alone (SOCO) (Fig. 6) . The amount of swelling was similar to OVA + Al(OH) 3 sensitized mice (SOACO) (Fig. 5) . A similar adjuvant effect was observed when the OVA challenge injection was performed into the peritoneal cavity, where eosinophil influx was determined 24 h later (SOCO: 5.24 ± 1.53%; SOVCO: 12.15 ± 4.55%, p < 0.05). Since the extraction of venom proteins is not specifically demonstrated to eliminate potential microbial contaminants (e.g. LPS) such compounds could be involved in the observed effects.
To assess this possibility, we designed additional assays with heat-treated venom. Injection of venom induced significant eosinophil recruitment only when animals were previously exposed to the venom, indicating that neither contaminants nor the venom extract itself will trigger eosinophilic response without a previous sensitization (Fig. 2) . Still, a possible role of contaminants in sensitization remained. To address this point, mice were sensitized with 100 µg of OVA combined with 10 µg of previously heat inactivated (100 °C/60 min) venom extract proteins (SOVhiCO).When SOVhiCO mice were challenged with OVA they elicited comparable amounts of eosinophils in the peritoneal cavity as mice sensitized with OVA alone (SOCO) (Fig. S2) . Thus, heat exposure completely eliminated the adjuvant property of the venom extract, suggesting that it is fundamentally enzymatic, given that bacterial contaminants such as LPS are thermo-resistant 29 .
Fire ant venom proteins are relatively few in comparison to the venom composition of other social insects 26 . Still, some of the identified proteins may contribute to the observed adjuvant effects. Toxins identified from the venom extract include proteins involved in tissue damage (phospholipases A 1 and A 2 , disintegrin/metalloproteinase, and myotoxins), and neurotoxicity (toxin PsTX-60, U5-ctenotoxins Pk1a, alpha-toxins Tc48a, and Scolopendra toxin) 26 . Phospholipase A 2 from honeybee venom is known as a potent inducer of activation and maturation of dendritic cells 30 , suggesting that this enzyme may be playing a similar role in RIFA venom. In fact, previous immunological tests with honeybee venom indicated that venom-purified phospholipase A 2 alone could lead to an adaptive response via Th2 phenotype 31, 32 . Activity of PLA 2 activity in RIFA venom was herein demonstrated for the first time with a fluorogenic substrate assay 33 . Remarkably the assay performed with 10 µg of the venom protein yielded the same activity intensity as 13 µg of Bothrops jararaca venom (Fig. S1) . These results also demonstrate that enzymatic activity of the venom is maintained through extraction, lyophilization, and storage.
Conclusions
The present observations delineate the general pathways by which RIFA venom proteins can drive the primary physiological effects of an allergic response, i.e. the basic mechanisms of immunosensitization induced by fire ant venom proteins depicted in Fig. 1 . Immunosensitization was manifested in all venom-exposed individuals, visually realized by footpad swelling. Peritoneal cell counts indicated a prototypical Th2 immune reaction based on augmented recruitment of eosinophils probably due to the production of eotaxin. The production of IL-4 by draining lymph node cells illustrates the cellular immune aspects of the allergic reaction. Co-injection of fire ant venom proteins with ovalbumin induced sensitization to ovalbumin, demonstrating an adjuvant activity for the venom itself decoupled of a pro-inflammatory effect of venom alkaloids.
From our standpoint such first insights into the immunoreaction to fire ant venom proteins, as tested in mice, pave the way for further tests. For example, it would be interesting to investigate individual-and species-specific variability, and the response to purified venom fractions. Identifying the most immunologically active peptides is paramount for developing more cost-effective, safer immunotherapy strategies. The venom extraction technology 13, 14 could include further purification steps (e.g. gel exclusion chromatography) to test finer fractions in animal models towards validation for immunotherapy. As a next step, trying to revert the acquired sensitivity of venom-injected mice could provide a simple model for powerful studies of immunotherapeutic protocols. Moreover, other aspects involved in immune/allergic responses for RIFA (e.g. venom fractions) and others related species are under investigation.
Methods
Venom sample. Nests of RIFA were excavated from the public gardens at Ilha do Fundão, Rio de Janeiro, Brazil into a plastic bucket rimmed with Teflon paint, and the ants were separated from the soil by slow flooding 34 . Species identification was based on a distinctive medial clypeal tooth and clearly-defined frons mark present on major workers, apart from typical color pattern of workers and the distinctively black males 35 . Based on recurrent field observations of excavated nests in this region by EGPF, local RIFA populations seem to be consistently monogyne 3 (i.e. low density of mounds, presence of single reproductive queen, and relatively large major workers). The ants were allowed to dry and cleanse for 2 hours, and then submitted to a rapid method of venom extraction 13, 14 , which relies on immersing live ants in a biphasic solvent mix (distilled water: hexane at 1: 5). The aqueous phase was subsequently lyophilized (henceforth 'RIFA venom proteins') and maintained at −20 °C until reconstitution for use. RIFA venom proteins extract obtained through method 14 is equivalent to commercially available preparations as demonstrated previously by 2D electrophoresis 14 and mass spectrometry 26 . Upon each day of experimentation, a dedicated sample of RIFA venom proteins was reconstituted in saline (sterile 0.9% NaCl) for fresh use.
SCIEntIFIC REPORTS | (2018) 8:14427 | DOI:10.1038/s41598-018-32327-z Venom injections and footpad swelling. Male Mus musculus BALB/c mice aged 8-12 weeks were reared at 25 °C and 70% humidity in metal cages, and given water and special chow ad libitum. All methods used in this study were approved by the Ethics Committee on the Use of Animals of Health Sciences Center of Federal University of Rio de Janeiro, Brazil (CEUA/CCS/UFRJ). All animals received humane care in compliance with the "Principles of Laboratory Animal Care" formulated by the National Society for Medical Research and the "Guide for the Care and Use of Laboratory Animals" prepared by the National Academy of Sciences, USA, and National Council for Controlling Animal Experimentation, Ministry of Science, Technology and Innovation (CONCEA/ MCTI), Brazil. Males were always siblings (to avoid fights) being held at the number of four or five per cage. Hypodermic plastic syringes were used; all intradermal injections were performed on mice anesthetized with ketamine 112.5 mg/kg and xylazine 10.0 mg/kg unless stated otherwise. The first venom presentation (i.e. the sensitizing inoculum) was injected into the right hind footpad using either 10.0 or 100.0 µg of total venom protein per animal. A third sensitization test was made using 10.0 μg of venom protein previously incubated at 100 °C in a water bath for 60 min, to test for enzymatic adjuvant role (SOVhiCO). Fourteen days after sensitization, a second exposure to venom (i.e. challenge) was made into the left hind footpad. This interval was established to allow for immunization of tested animals against the fire ant venom allergens, as detailed in Fig. 1 (see the asterisk on left-hand panel). Immediately before and after each venom injection, the width and height of the challenged and opposing paws were measured with a caliper, and measurements were taken every 30 min for 2 h, during which animals were monitored. Negative control injections used saline solution (sensitization -S; and challenge -C), and positive controls (SOACO) used ovalbumin (OVA -100.0 μg/animal) with adjuvant aluminum hydroxide (5.0 mg/animal) upon sensitization, or only OVA upon challenge. All footpad inoculations were carried out in a 30.0 μL injection. Experimental groups were sensitized and challenged with venom protein unless stated otherwise. Each experiment employed groups of 4-5 mice and were repeated at least 3 times independently, unless specified otherwise.
Leukocyte recruitment to the peritoneal cavity. Sensitized mice were intraperitoneally challenged with 0.9% sterile saline, OVA, or venom proteins with the quantities of OVA and venom previously described for a total injection volume of 500.0 μL per individual. Twenty-four hours after the challenge, peritoneal cavities were washed with PBS containing 0.1% heparin and the resulting suspensions were used for total and differential cell counting, using a Neubauer chamber and cytospun slides, respectively. The slides were stained with panoptic stain. The peritoneal exudates were harvested for chemokine quantification (Eotaxin -BDBiosciences) by ELISA according to the manufacturer's protocol.
Lymph node cytokine production. Mice were individually euthanized in CO 2 chambers and the draining lymph node (popliteal) of the right hind footpad was dissected out and homogenized. Lymph node cells were cultivated for 48 h in the presence of immobilized α-CD3 (1.0 μg/mL) for cytokine production. After the incubation period, supernatants were harvested and used to quantify IL-4 (BD Biosciences) by ELISA according to the manufacturer's protocols.
Phospholipase A2 (PLA2) activity in venom. PLA 2 activity was measured using the fluorogenic sub- Statistical Analyses. All statistical analyses and plots were generated with RStudio v.1.0.136, using the packages 'plyr' , 'reshape2' , 'ggplot2' , 'dunn.test' . All numeric raw data are provided as Supplementary Materials along with the scripts 37 , to ensure output reproducibility and verification of specific details. Results from different internal and independent replicates were either compared for statistical differences using non-parametric Kruskal-Wallis followed by multiple comparison Dunn's test (in comparing multiple treatments) or by Wilcoxon-Mann-Whitney test (in comparing two treatments). Our conclusions were also compatible with analytical patterns obtained by parametric methods (i.e. assuming Gaussian distribution; not shown).
